In this study, CuInS 2 nano-particles were prepared in an ultrasonic bath using the non-vacuum method. The X-ray diffraction (XRD) patterns of samples revealed that the samples are the tetragonal CuInS 2 phase with a highly (112) CuInS 2 samples with an average diameter of 20 nm were observed using transmission electron microscope (TEM). The direct energy band gaps of samples were in the ranges of 1.33-1.57 eV obtained using UV-vis-NIR spectrophotometer.
Introduction
Chalcopyrite I-III-VI semiconductor compounds (I=Cu, Ag; III=Al, In, Ga; VI=S, Se, Te) have been developed for use in high efficiency thin film solar cells [1] . CIS (CuInS 2 ) is an interesting photo-absorber material in I-III-VI thin film solar cells due to their high-absorption coefficient, suitable band gaps, good radiation stability, and easy conversion of n/p carrier type [2] . The direct energy band gap in the range of 1.3-1.5 eV and an absorption coefficient of around 10 5 cm -1 for CIS samples is reported, which is suitable for the solar energy conversion. The preparation of low-cost ternary chalcopyrite CIS solar cells with high solar to electricity efficiency has thus received considerable industrial interest.
The conversion efficiency of solar to electrical power of 14% has been reported for the lab-scale CIS solar cell [3] . Various methods for the preparation of I-III-VI thin films on substrates have been reported, such as evaporation [3] and radio-frequency (RF) sputtering [4] . To address on the production cost of CIS devices, many efforts have been made for the low cost approach of the deposited CIS material on substrates. Reports of non-vacuum, solution-based approaches include a nanoparticle solution based technique [5] , spray pyrolysis. [6] , chemical bath deposition [7] and electrodepositon [8] .
In contrast to the physical and chemical vapour deposition techniques, chemical synthesis method is a simple, inexpensive and non-vacuum technique in which the molar ratios of the composition of sample cab be controlled by adjusting their molar ratios in the precursor solution. In the present work, we synthesized the CIS nano-particles using the convenient chemical synthesis method. The microstructures, physical, electrical and optical properties of CIS samples on substrates are examined as a function of [Cu]/[Cu+In] molar ratio in precursor solutions.
Experimental Details

Synthesis of the CIS nano-particles
In this study, the CIS nano-particals were prepared using the copper nitrate [Cu(NO 3 
Deposition of CIS thin films
The PEG (poly ethylene glycol) was mixed well with the CIS nano-particles after thermal treatment. The films were deposited on glass substrates using a spin-coater. Then the films were placed on a 90℃ oven for 24 h in order to eliminate the volatile solvent. The CIS thin films and sufficient element S were put in a closed container made of Al 2 O 3 . Final the thin films on substrates was carrier out using the sulfurication process with 450, 500 for 90 min and 550℃ and thermal treatment time of 20, 40, 60 and 90 min, respectively.
Characterization of CIS nano-particles and thin films
The crystallographic study of samples on glass substrates was conducted using an X-ray diffraction (Siemems D5005) with CuKα (λ = 1.5405 Å) radiation. The XRD patterns of samples were recorded in the 2θ range of 10º to 90º. The scan rate was set to 3° min -1 in order to increase the signal-to-noise ratio. The microstructure of samples was investigated using a transmission electron microscope (TEM, JEOL JEM-1230). The surface microstructures of the samples were also studied using a field-emission scanning electron microscope (FE-SEM, JEOL JSM 6700F). The compositions of the samples on glass substrates were analyzed using a scanning electron microscope (SEM, Hitachi S-3000N) equipped with energy dispersive analysis of X-ray (EDAX). The mobility, resistivity, and carrier concentrations of the samples were measured using room temperature Hall measurements (Ecopia Model HMS-3000) with a magnetic flux of 0.51 T. The transmittance/reflectance spectra of the samples were measured using a UV-Vis-NIR spectrophotometer with an integrating sphere (JASCO Model V-670) in the wavelength range of 300-1600 nm at room temperature.
Results and Discussion
The CIS nano-particles were synthesized using solution growth technique. Figure 4 shows the XRD patterns of CIS thin films on substrates using the nano-particles obtained from the [Cu]/[Cu+In] molar ratio kept at 0.47 in precursor solution after the sulfurization process with various annealing temperature (450, 500 and 550℃) and time (20, 40, 60 and 90min). The XRD patterns of sample show that all samples are the tetragonal CuInS 2 phase. The higher intensity of peaks in XRD patterns for thin films was observed after annealing temperature kept at 550℃ and 60min. This is due to that thin films have excellent quality and good crystalline after the high temperature annealed process. Figure 5 shows the surface morphology and cross-sectional image of sample using the nano-particles obtained from the [Cu]/[Cu+In] molar ratio kept at 0.47 in precursor solution after sulfurizatin at 550℃ for 60 min. The SEM image of sample showed island-shaped microstructures. Table 1 Figure 7 shows the linear dependence of (αhν) 2 on hv for the samples in this study. The absorption coefficients (α) of samples can be estimated using the Manifacier model [2] . The relationship between the absorption coefficient (α) and the incident photon energy (hv) can be written as:
The direct band gaps of samples obtained from Figure 7 are shown in table 2. The direct band gaps of samples were in the range of 1.33~1.57 eV. Das et al. [9] reported the same results. The direct band gaps of bulk crystalline CIS are in the range of 1.3-1.55 eV [9] . The values of energy band gap for samples (a)-(h) are close to the value reported for bulk crystalline CIS.
Conclusions
In this study, chalcopyrite CIS nano-particles were prepared using solution growth technique. The crystals size distribution of CIS nano-particles was in the range of 10 to 30 nm. The XRD patterns of samples show that the samples are the polycrystalline tetragonal CIS phase. From the XRD, FE-SEM and electrical properties results, the sulfurization temperature and time kept 550℃ for 60 min is an optimal parameter for the preparation of CIS thin films on substrate. With hν (eV) 
